INTRODUCTION
============

Carpal tunnel syndrome (CTS) is the most frequent entrapment neuropathy, which occurs as a consequence of compression of the median nerve at the wrist. The diagnosis is usually based on characteristic symptoms and signs, and electrophysiological studies[@B4],[@B21]. The most reliable method to confirm clinical diagnosis of CTS is electrophysiological study[@B18],[@B19] but false negatives can be seen in the variable range of 10-20%[@B7]. The electrophysiological studies usually show the level of the lesion, but do not provide anatomical information about the nerve or its surroundings. In the last few years, ultrasonography (US) has been shown to be useful diagnostic tools in CTS, providing information on the median nerve and surrounding structures[@B4],[@B6],[@B13],[@B23]. A few papers have been published in neurosurgery literature regarding diagnostic utility of ultrasonography in carpal tunnel syndrome[@B1],[@B6]. To our knowledge, publication has not been available, describing measurements of ultrasonographic parameters for the diagnosis of CTS, compared with electrodiagnostic findings as well as clinical severity, assessed by historical-objective scale[@B9]. The purpose of the present study is to identify the efficacy of ultrasonographic measurements in a consecutive sample of patients with clinically diagnosed CTS and to analyze the correlation of ultrasonographic findings with electrophysiological abnormalities and clinical severity.

MATERIALS AND METHODS
=====================

Participants and clinical grade
-------------------------------

The clinical diagnostic criterion of CTS is based on the American Academy of Neurology[@B21]. One-hundred thirty-five patients who had the symptoms of CTS between January 2007 and December 2009 were included in this study. Nineteen persons with no clinical symptoms and signs of CTS were classified as the control group. Patients with diabetes mellitus, collagen disease, thyroid disease, peripheral neuropathy, rheumatic arthritis, traumatic nerve injury were excluded from the study. The patient group contained total of 246 hands, whereas 30 hands were used in the control group. The clinical grade in the patient group was classified into 6 stages according to the historical-objective (Hi-Ob) clinical scale as follows[@B9]; stage 0 (no symptoms), stage 1 (paresthesia only at night), stage 2 (paresthesia even for short time in the daytime), stage 3 (hypesthesia in the finger of the median nerve distribution), stage 4 (accompanying weakness or thenar muscle atrophy), and stage 5 (thenar muscle complete atrophy or paralysis).

Mild cases in Hi-Ob scale were defined as those patients who reported only symptoms without objective motor deficit of thenar eminence muscles and normal objective sensory function in the median nerve territory of the hand. Grades 1 or 2 of a Hi-Ob scale belong to mild case[@B9].

Ultrasonographic examination
----------------------------

Ultrasonographic examination was performed using Sonix RP (Ultrasonix Medical Corporation, Richmond, Canada) by the same experienced examiner (HSN). All wrists were evaluated in the neutral position with the palm up and the fingers semi-extended. The full course of the median nerve in the carpal tunnel was evaluated in both the transverse and sagittal planes. The weight of the probe was applied without additional pressure. The cross-sectional area (CSA) of the median nerve (measured in mm^2^) was measured to proximal carpal tunnel at the level of the pisiform bone. The CSA of the median nerve was measured by direct methods as suggested by Duncan et al.[@B7], which was calculated automatically by tracing the inner margin of the epineurium of median nerve, assuming that it has an elliptical shape ([Fig. 1A](#F1){ref-type="fig"}). The flattening ratio (FR) was defined as the ratio of the nerve\'s transverse axis to the antero-posterior axis ([Fig. 1B](#F1){ref-type="fig"}) and was assessed at the level of the pisiform bone. The palmar bowing (PB) of the flexor retinaculum is displacement (measured in mm) of the retinaculum from the attachments of a ligament connecting the pisiform bone with the scaphoid bone ([Fig. 1C](#F1){ref-type="fig"})[@B5].

Electrophysiological study
--------------------------

The electrophysiological study was performed using a Cadwell Sierra Wave® (Cadwell Laboratories, Kennewick, WA, USA). The study consisted of motor and sensory median nerve conduction tests using standard techniques according to the practice parameters for the electrodiagnosis of CTS of the American Association of Electrodiagnostic Medicine, the American Academy of Neurology, and the American Academy of Physical Medicine and Rehabilitation[@B3]. The electrophysiological abnormalities were classified into three grades according to Stevens\' classification as follows[@B23]: Mild; prolonged median sensory distal latency, Moderate; prolonged median sensory and motor distal latency, and Severe; abnormal needle electromyography other than the above two abnormalities, or no response in sensory and motor distal latency.

Statistical analysis
--------------------

Measurements by using US in both the CTS patients and control group were compared and the accuracy of diagnostic techniques was calculated. The arithmetic mean, range and the standard deviation of the results were determined and both groups were compared using independent t-tests. Sensitivity and specificity of US measurements in CTS patients were obtained by determining the cut-off point using the receiver operating characteristics (ROC) curve. The correlation between US measurements and Hi-Ob scale and between the electrophysiological study and US measurements were assessed by using Spearman\'s test. According to Hi-Ob scale and electrophysiological severity, accuracy of US was evaluated. SPSS statistical software (v. 11.0, SPSS Inc., Chicago, IL, USA) was used in all statistical analyses. A *p* value \<0.05 was considered significant.

RESULTS
=======

Demographic data
----------------

Of a total of 246 hands in the patient group, 30 hands were male and 216 hands were female. The mean age was 53.0 years. Of a total 30 hands in the control group, 27 hands were female and 3 hands were male, and the mean age was 41.7 years.

Ultrasonographic measurements
-----------------------------

Results of this study showed the significant increase in the measures of the CSA, FR and PB in the CTS, compared with the control group (*p*\<0.05) ([Table 1](#T1){ref-type="table"}). The accuracy of ultrasonographic measurements was evaluated by using cut off points of ROC curve. The area under the curve (AUC) of CSA was 0.95, indicating a sensitivity and specificity of 88.5% and 90.0% respectively, at cut off value of 10.0 mm^2^. The AUC of FR was 0.74 at cut off value of 3.4 indicating a sensitivity and specificity of 77.8% and 50.0% respectively. The AUC of PB was 0.94 at cut off value of 3.0 mm indicating a sensitivity and specificity of 87.2% and 93.3% respectively ([Table 2](#T2){ref-type="table"}, [Fig. 2](#F2){ref-type="fig"}).

Correlation of the ultrasonography with Hi-Ob scale and electrophysiological study
----------------------------------------------------------------------------------

The CSA and PB of US measurements, and Hi-Ob scale appeared to show a significant positive correlation and as the Hi-Ob score increased, the CSA and PB was increased (r=0.45: *p*\<0.001, r=0.37: *p*\<0.001) ([Table 3](#T3){ref-type="table"}). The increase in electrophysiological severity, and the CSA and PB of US measurements also showed a significant correlation (r=0.59: *p*\<0.001, r=0.51: *p*\<0.001) ([Table 4](#T4){ref-type="table"}).

Accuracy of ultrasonography according to Hi-Ob and electrophysiological grade
-----------------------------------------------------------------------------

Sensitivity of CSA and PB for mild patients with less than 3 Hi-Ob scales were 83.9% and 85.1%, respectively. However, the cases with 3 or more Hi-Ob scale showed higher sensitivity of CSA (92.0%) and PB (89.4%). In relation to electrophysiological study, the mean CSA and PB of ultrasonographic measurement usually appeared to be decreased in the mild cases. In mild 65 hands confirmed to the electrophysiological study, 15 hands (22.4%) were found to be negative by CSA and 18 hands (26.9%) by PB. However, all of very severe five hands with no response to the electrophysiological study showed positive results in ultrasonographic measurements ([Table 5](#T5){ref-type="table"}).

DISCUSSION
==========

The diagnosis of CTS is made mainly on the basis of the patient\'s history and the clinical features[@B10],[@B12]. The Hi-Ob scale is a reliable measurement in CTS evaluation, based on clinical history and physical examination[@B9]. This scale has no diagnostic purpose but it has a good correlation with the patient-oriented findings and the median nerve electrophysiological impairment[@B9]. Confirmation of CTS is usually evaluated by electrophysiological study[@B3]. However, sometimes, it is difficult to diagnose CTS using only the electrophysiological study in cases of early and mild CTS, even severe CTS that show no response to the study, elderly patients and associated peripheral polyneuropathy patients.

Recently, US techniques came into advancement as a tool to complement the diagnosis of CTS. US provide anatomical images of the median nerve, neighboring structures, and space-occupying lesion in the carpal canal as a painless and non-invasive study and can offer dynamic images. However, US is operator dependent that can show high reproducibility after adequate training of the examiners[@B4]. In our study, sonographic examination was done by one experienced examiner to ensure unbiased imaging. The US measurements used in CTS diagnosis are the CSA of the median nerve at various levels of the carpal canal, the FR and PB of the flexor retinaculum. In most studies, the CSA was performed at a single level at the proximal carpal tunnel[@B7],[@B15],[@B26],[@B27]. The increase in the CSA at the tunnel inlet demonstrated the highest sensitivity and specificity[@B8],[@B26],[@B27] and moreover, the measurement at this level was easier to perform. Therefore, we measured the CSA at the proximal tunnel inlet. There was also disagreement about the exact localization of tunnel inlet. Some authors considered the proximal edge of the flexor retinaculum, approximately at the level of the distal radioulnar joint, as the tunnel inlet but others considered the level of the pisiform bone as the landmarks[@B11]. We evaluated the CSA at the level of the pisiform bone.

The sensitivity of ultrasonographic measurements varies widely among studies. The sensitivity of the CSAs ranged from 48% to 89%[@B4],[@B7],[@B8],[@B26],[@B27] and the CSA cutoff at which the value was considered abnormal, varied from 9 mm^2^ to 15 mm[@B1],[@B2],[@B7],[@B14],[@B18],[@B26]. Our study showed a sensitivity of 88.5% at cut off value of 10.0 mm^2^ for the mean CSA. The sensitivities of increased PB of the flexor retinaculum varied from 40% to 81%[@B2],[@B5],[@B14],[@B24], and sensitivities of FR ranged from 37% to 100%[@B5],[@B28]. Our results showed a sensitivity of 87.2% at cut off value of 3.0 mm^2^ for the PB and a sensitivity of 77.8% at cut off value of 3.4 mm^2^ for the FR. These data of sensitivity corresponds with the findings reported in earlier studies.

In our study, CSA and FR, PB of US were significantly increased in the CTS group than the control group. Among them, CSA and PB were evaluated to have a relatively higher accuracy than FR according to the ROC curve. Therefore, measurement of CSA and/or PB can be considered as an alternative modality to distinguish CTS patients from asymptomatic controls[@B2],[@B5],[@B14],[@B24],[@B28].

Many other studies showed good correlation between the Hi-Ob scale and US, and between electrophysiological grade and US indicating that the nerve swelling detected by calculation of US reflects in itself the degree of nerve damage: the greater the severity of electrophysiological findings or clinical severity, the greater the CSA of median nerve[@B13],[@B16],[@B20],[@B29]. Results of this study showed there is a significant correlation between Hi-Ob scale and CSA as well as PB, respectively. In addition, degree of electrodiagnostic abnormalities is also well correlated with CSA and PB, respectively in our study.

Mild CTS cannot show abnormal findings on US study. In our data, US could not detect abnormalities in 22.4% of patients with mild CTS to electrophysiological study. For patients without abnormal findings on US and electrophysiological study, the diagnosis of CTS should be made, based on the patient\'s history and the clinical findings. However, our data also demonstrated ultrasonic measurement is helpful to diagnose extremely severe CTS patients with no response to electrophysiological studies and these data agree with earlier study[@B14].

CONCLUSION
==========

Ultrasonographic measurements of the CSA and PB of the median nerve offer comparatively high diagnostic accuracy for CTS and ultrasonographic study could be considered as a non-invasive, alternative and complimentary diagnostic modality for the evaluation of CTS. In addition to diagnosis of CTS, ultrasonographic measurements of the median nerve could also give information about severity of CTS.
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![Transverse sonographic section of an enlarged median nerve (indicated by arrow) at the level of the pisiform bone in a subject with CTS. The cross-sectional area (CSA) of the median nerve (direct method within the oval dotted line) (A). The flattening ratio (FR) is defined as the ratio of the nerve\'s transverse axis to the antero-posterior axis (B). The palmar bowing (PB) of the flexor retinaculum is displacement of the retinaculum from the attachments of a ligament connecting the pisiform bone with the scaphoid bone (C). S: scaphoid bone, P: pisiform bone.](jkns-55-78-g001){#F1}

![ROC curve of ultrasonographic measurements. ROC: receiver operating characteristic, CSA: cross sectional area, FR: flattening ratio, PB: palmar bowing.](jkns-55-78-g002){#F2}
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Comparisons of the ultrasonographic measurements between CTS patients and control
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Cross sectional area unit: (mm^2^), Palmar bowing unit: (mm). CTS: carpal tunnel syndrome, CSA: cross sectional area, FR: flattening ratio, PB: palmar bowing
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Accuracy of the statistics for the cut-off points of the ultrasonographic measurements contained using the receiver operating characteristic curve
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Correlation of ultrasonographic measurements according to Hi-Ob scale
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Correlation of ultrasonographic measurements according to electrophysiologic grade
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Results of the ultrasonographic measurements in relation to mild and very severe cases with no response to electrophysiologic study
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